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1
ALIGNMENT SYSTEM

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority of EP application
15170832.8 which was filed on 2015 Jun. 5 and which 1s
incorporated herein 1n its entirety by reference.

FIELD

The present invention relates to an alignment system and
method. The alignment system may form part of a litho-
graphic apparatus.

BACKGROUND

A Ilithographic apparatus 1s a machine that applies a
desired pattern onto a target portion of a substrate. Litho-
graphic apparatus can be used, for example, in the manu-
tacture of integrated circuits (ICs). A lithographic apparatus
may for example project a pattern from a patterning device
(c.g. a mask) onto a layer of radiation-sensitive material
(resist) provided on a substrate (e.g. a silicon wafer). The
pattern on the patterning device may correspond to an
individual layer of an IC which 1s projected onto a target
portion (e.g. comprising part of, one or several dies) on the
substrate (e.g. a silicon water). In general, a single substrate
will contain a network of adjacent target portions that are
successively exposed.

A pattern which 1s projected by the lithographic apparatus
1s aligned with a pattern already present on a target portion
of the substrate. In order to achieve this the lithographic
apparatus 1s provided with an alignment system. The align-
ment system measures the positions of alignment marks
provided on the substrate. These measurements are used to
position the substrate during projection of the pattern onto
the substrate.

It may be desirable to provide, for example, an alignment
system which obwviates or mitigates one or more of the

problems of the prior art, whether identified herein or
clsewhere.

SUMMARY

According to a first aspect of the invention, there 1s
provided an alignment system for determining the position
of an alignment mark, the alignment system comprising a
first system configured to produce two overlapping images
of the alignment mark that are rotated by around 180 degrees
with respect to one another, and a second system configured
to determine the position of the alignment mark from a
spatial distribution of an intensity of the two overlapping
1mages.

This alignment system 1s advantageous because it may be
used to determine the position of a variety ol different
alignment marks rather than being restricted to use with a
particular design of alignment mark.

The first system may comprise a non-coherent alignment
radiation beam source configured to illuminate the align-
ment mark with an alignment radiation beam. This may
advantageously allow a greater variety of light sources to be
used when determining the position of an alignment mark.
This may also advantageously avoid interference resulting
from unwanted retlections occurring within the alignment
system.
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The first system may comprise optics that are configured
to overfill the alignment mark with an alignment radiation
beam. This may advantageously allow a region of interest of
the 1mage of the alignment mark to be selected.

The first system may comprise an 1imaging detector con-
figured to detect the spatial distribution of the intensity of the
two overlapping 1mages of the alignment mark and provide
an output signal indicative of the spatial distribution of the
intensity of the two overlapping images of the alignment
mark.

The second system may comprise a processor configured
to determine the position of the alignment mark by analysing
the spatial distribution of the intensity of the two overlap-
ping 1mages for a plurality of different positions of the
alignment mark relative to the alignment system.

The processor may be configured to determine a position
of a substrate comprising the alignment mark relative to the
alignment system at which the two overlapping images of
the alignment mark most fully overlap.

The first system may be configured to illuminate the
alignment mark with an alignment radiation beam that is
provided as a quadrupole mode. The use of a quadrupole
mode 1s advantageous because 1t 1s particularly good at
resolving gratings with small pitches.

The first system may comprise a plurality of alignment
radiation beam sources configured to provide alignment
radiation beams which illuminate the alignment mark and
produce a plurality of images of the alignment mark. The
plurality of alignment radiation beam sources may be con-
figured to emit alignment radiation beams with different
wavelengths. This may be advantageous because alignment
mark i1mages seen at the imaging detector for different
wavelengths of incident radiation provide mnformation about
the alignment mark and how 1t has been influenced by layers
of material deposited onto the substrate. For example, infor-
mation regarding tilt of the alignment mark may be obtained
using alignment radiation beams with different wavelengths.

The plurality of alignment radiation beam sources may be
configured to provide separate alignment radiation beams
which have different positions 1n a pupil plane.

The plurality of alignment radiation beam sources may be
modulated.

Different alignment radiation beam sources may be modu-
lated at different frequencies. Modulation may advanta-
geously provide a method of discriminating between difler-
ent 1images formed at the imaging detector.

The first system may comprise one or more alignment
radiation beam sources configured to 1lluminate the align-
ment mark with a plurality of alignment radiation beams,
and a modulator configured to modulate an alignment radia-
tion beam.

Modulating an alignment radiation beam rather than an
alignment radiation beam source may advantageously allow
a single alignment radiation beam source having multiple
outlets to be used to produce multiple alignment radiation
beams having different wavelengths. This 1s because the
alignment radiation beams may be modulated after being
produced rather than whilst being produced, therefore mul-
tiple alignment radiation beam sources are not required to
provide multiple alignment radiation beams having diflerent
frequencies of modulation applied to them.

Different alignment radiation beams may be modulated at
different frequencies.

The modulator may modulate an amplitude of the align-
ment radiation beam.

The modulator may modulate a phase of the alignment
radiation beam.
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The second system may comprise a phase sensitive signal
detector configured to receive a signal indicative of the
modulation of a first alignment radiation beam and receive
a signal indicative of the modulation of a second alignment
radiation beam and receive a signal indicative of the spatial
distribution of the intensity of the two overlapping images
formed by the first alignment radiation beam and of the
spatial distribution of the intensity of the two overlapping
images formed by the second alignment radiation beam and
discriminate between the two overlapping images formed by
the first alignment radiation beam and the two overlapping
images formed by the second alignment radiation beam.
This may advantageously allow 1images formed at the 1imag-
ing detector by different alignment radiation beams to be
discriminated quickly.

The first system may comprise a balanced photodetector.
A balanced photodetector may advantageously provide an
output signal having an improved signal-to-noise ratio.

Four alignment radiation beam sources may be provided,
the alignment radiation beam sources each being configured
to provide an alignment radiation beam as one pole of a
quadrupole 1llumination mode.

The second system may comprise an imaging detector
located remotely from a controlled environment in which the
alignment mark 1s provided, and alignment radiation being
transported from the controlled environment to the imaging
detector via an array of optical fibres.

The phase sensitive signal detector may comprise a lock-
in amplifier.

The first system may comprise a plurality of radiation
emitters located remotely from a controlled environment 1n
which the alignment mark 1s provided. An alignment beam
may be transported from a radiation emitter to the controlled
environment via one or more optical fibres.

According to a second aspect of the mvention there 1s
provided a lithographic apparatus comprising at least two
substrate tables for holding substrates, a projection system
for projecting a patterned radiation beam onto a target
portion of a substrate held by one of the substrate tables, and
an alignment system according to any preceding paragraph
for determining the position of alignment marks on a sub-
strate held by the other substrate table. This lithographic
apparatus advantageously allows for simultaneous litho-

graphic exposure and alignment mark position determina-
tion.

According to a third aspect of the present invention, there
1s provided a method of determining the position of an
alignment mark comprising producing two overlapping
images of the alignment mark that are rotated by around 180
degrees with respect to one another, and determining the
position of the alignment mark from a spatial distribution of
an itensity of the two overlapping images.

The alignment mark may be illuminated with radiation
that overfills the alignment mark.

The spatial distribution of an intensity of the two over-
lapping 1mages for a plurality of different positions of the
alignment mark relative to the alignment system may be
analysed.

A position at which the two overlapping 1mages of the
alignment mark most fully overlap may be determined as
being the position of the alignment mark.

A plurality of the two overlapping images of the align-
ment mark may be produced by different wavelengths of
radiation and may be used to reconstruct the alignment
mark.
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A plurality of the two overlapping images of the align-
ment mark may be produced from different poles 1n a pupil
plane and may be used to reconstruct the alignment mark.

A plurality of the two overlapping images of the align-
ment mark may be modulated.

The two overlapping images of the alignment mark may
be modulated at different frequencies.

A plurality of the two overlapping images of the align-
ment mark may be discriminated between one another using
modulation information.

According to a fourth aspect of the present invention,
there 1s provided a lithographic method comprising using a
projection system to project a patterned radiation beam onto
a target portion of a substrate held by a first substrate tables,
and simultaneously performing the alignment method of the
third aspect of the present invention to determine the posi-
tion of an alignment mark on a substrate held by a second
substrate table. This lithographic method advantageously
allows for simultaneous lithographic exposure and align-
ment mark position determination.

According to a fifth aspect of the invention, there 1is
provided an alignment system for determining the position
of an alignment mark on a substrate, the alignment system
comprising an alignment radiation beam source configured
to generate an alignment radiation beam, optics configured
to direct the alignment radiation beam onto an alignment
mark on the substrate, an self-referencing optical system
configured to recerve alignment radiation reflected from the
alignment mark and direct that alignment radiation along
first and second arms of the seli-referencing optical system,
the self-referencing optical system providing two 1mages of
the alignment mark, an imaging detector which 1s positioned
to recerve the two 1mages of the alignment mark, the 1images
overlapping to form a compound i1mage, and a processor
which 1s configured to analyse the compound image and
thereby determine the position of the alignment mark rela-
tive to the alignment system.

The alignment system 1s advantageous because 1t allows
alignment to be performed without being limited to a
particular type of alignment mark.

The arms of the self-referencing optical system may be
configured to apply a rotation to the alignment radiation
such that, on exiting the self-referencing optical system,
alignment radiation which has travelled along the first arm
1s 1nverted relative to alignment radiation which has trav-
clled along the second arm. The term “inverted” as used
herein 1s intended to mean that the alignment radiation has
undergone a rotation of around 180 degrees. The term
“imnverted” 1s not intended to indicate a mirror 1mage inver-
S101.

The first system may comprise an LED alignment radia-
tion beam source.

The alignment radiation beam source may be a non-
coherent radiation source. This may advantageously avoid
interference resulting from unwanted reflections occurring
within the alignment system.

The optics may be configured to overfill the alignment
mark with the alignment radiation beam. This advanta-
geously allows a region of interest to be selected from the
compound 1mage recerved at the imaging detector.

The plurality of alignment radiation beam sources may be
configured to emit alignment radiation beams with different
wavelengths. This may advantageously allow the alignment
mark to be reconstructed.

The plurality of alignment radiation beam sources may be
configured to provide separate alignment radiation beams
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which have different positions i a pupil plane. This may
also advantageously allow the alignment mark to be recon-
structed.

According to a sixth aspect of the invention there 1s
provided a lithographic apparatus comprising at least two
substrate tables a substrate table for holding substrates, a
projection system for projecting a patterned radiation beam
onto a target portion of a substrate held by one of the
substrate tables, and an alignment system according to the
first aspect of the mvention for determining the position of
alignment marks on a substrate held by the other substrate
table.

According to a seventh aspect of the invention there 1s
provided a method of determiming the position of an align-
ment mark on a substrate comprising directing an alignment
radiation beam onto an alignment mark on the substrate,
directing alignment radiation reflected from the alignment
mark along first and second arms of a self-referencing
optical system, using alignment radiation received from the
first and second arms of the self-referencing optical system
to form first and second 1images of the alignment mark on an
imaging detector, the 1mages overlapping to form a com-
pound 1mage, and analysing the compound 1mage to deter-
mine the position of the alignment mark relative to the
alignment system.

The method 1s advantageous because 1t allows alignment
to be performed without being limited to a particular type of
alignment mark.

According to an eighth aspect of the invention there 1s
provided a lithographic method comprising using a projec-
tion system to project a patterned radiation beam onto a
target portion of a substrate held by a first substrate tables,
and simultaneously performing the alignment method of the
third aspect of the mvention to determine the position of an

alignment mark on a substrate held by a second substrate
table.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the mnvention will now be described, by
way ol example only, with reference to the accompanying
schematic drawings 1n which corresponding reference sym-
bols indicate corresponding parts, and in which:

FIG. 1 depicts a lithographic apparatus and an alignment
system according to an embodiment of the invention;

FIG. 2 schematically depicts the alignment system in
more detail;

FIG. 3 depicts measurements made using an alignment
system according to an embodiment of the invention;

FIG. 4 schematically depicts an alignment system accord-
ing to another embodiment of the mvention;

FIG. § schematically depicts an alignment system accord-
ing to another embodiment of the mmvention; and

FIG. 6 schematically depicts an alignment system accord-
ing to another embodiment of the mvention.

DETAILED DESCRIPTION

Although specific reference may be made 1n this text to
the use of lithographic apparatus in the manufacture of ICs,
it should be understood that the lithographic apparatus
described herein may have other applications, such as the
manufacture of integrated optical systems, guidance and
detection patterns for magnetic domain memories, liquid-
crystal displays (LLCDs), thin film magnetic heads, etc. The
skilled artisan will appreciate that, in the context of such
alternative applications, any use of the terms “waler” or
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6

“die” herein may be considered as synonymous with the
more general terms “‘substrate” or “target portion”, respec-
tively. The substrate referred to herein may be processed,
before or after exposure, 1n for example a track (a tool that
typically applies a layer of resist to a substrate and develops
the exposed resist) or a metrology or mspection tool. Where
applicable, the disclosure herein may be applied to such and
other substrate processing tools. Further, the substrate may
be processed more than once, for example 1n order to create
a multi-layer IC, so that the term substrate used herein may
also refer to a substrate that already contains multiple
processed layers.

The terms “radiation” and “beam” used herein encompass
all types of electromagnetic radiation, including ultraviolet
(UV) radiation (e.g. having a wavelength of 365, 248, 193,
157 or 126 nm) and extreme ultra-violet (EUV) radiation
(e.g. having a wavelength in the range of 5-20 nm), as well
as particle beams, such as 1on beams or electron beams.

The term “patterning device” used herein should be
broadly interpreted as referring to a device that can be used
to 1mpart a radiation beam with a pattern in 1ts cross-section
such as to create a pattern 1n a target portion of the substrate.
It should be noted that the pattern imparted to the radiation
beam may not exactly correspond to the desired pattern in
the target portion of the substrate. Generally, the pattern
imparted to the radiation beam will correspond to a particu-
lar functional layer in a device being created 1n the target
portion, such as an integrated circuit.

A patterning device may be transmissive or reflective.
Examples of patterning device include masks, program-
mable mirror arrays, and programmable LCD panels. Masks
are well known 1n lithography, and include mask types such
as binary, alternating phase-shift, and attenuated phase-shiit,
as well as various hybrid mask types. An example of a
programmable mirror array employs a matrix arrangement
of small mirrors, each of which can be individually tilted so
as to reflect an incoming radiation beam 1n different direc-
tions; 1n this manner, the retlected beam 1s patterned.

The support structure holds the patterning device. It holds
the patterning device 1n a way depending on the orientation
of the patterning device, the design of the lithographic
apparatus, and other conditions, such as for example
whether or not the patterning device 1s held 1n a vacuum
environment. The support can use mechanical clamping,
vacuum, or other clamping techniques, for example electro-
static clamping under vacuum conditions. The support struc-
ture may be a frame or a table, for example, which may be
fixed or movable as required and which may ensure that the
patterning device 1s at a desired position, for example with
respect to the projection system. Any use of the terms
“reticle” or “mask’™ herein may be considered synonymous
with the more general term ““patterning device”.

The term “projection system” used herein should be
broadly interpreted as encompassing various types ol pro-
jection system, including refractive optical systems, reflec-
tive optical systems, and catadioptric optical systems, as
appropriate for example for the exposure radiation being
used, or for other factors such as the use of an immersion
fluid or the use of a vacuum. Any use of the term “projection
lens” herein may be considered as synonymous with the
more general term “projection system”™.

The illumination system may also encompass various
types of optical components, including refractive, reflective,
and catadioptric optical components for directing, shaping,
or controlling the beam of radiation, and such components
may also be referred to below, collectively or singularly, as
a “lens”.
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The lithographic apparatus may also be of a type wherein
the substrate 1s immersed 1n a liquid having a relatively high
refractive index, e.g. water, so as to fill a space between the
final element of the projection system and the substrate
Immersion techniques are well known 1n the art for increas-
ing the numerical aperture of projection systems.

FIG. 1 schematically depicts a lithographic apparatus
according to a particular embodiment of the mnvention. The
apparatus comprises:

an 1llumination system IL to condition a beam PB of
radiation (e.g. DUV radiation or EUV radiation).

a support structure (which may be referred to as a mask
table) MT to support a patterming device (e.g. a mask) MA
and connected to first positioning device PM to accurately
position the patterning device with respect to item PL;

a substrate table (which may be referred to as a waler
table) WT2 for holding a substrate (e.g. a resist coated
waler) W2 and connected to second positioning device PW?2
for accurately positioning the substrate with respect to 1tem
PL.;

another substrate table WT1 for holding a substrate W1
and connected to third positioning device PW3 for accu-
rately positioning the substrate with respect to 1tem AS; and

a projection system (e.g. a refractive projection lens) PL
configured to 1mage a pattern imparted to the radiation beam
PB by patterning device MA onto a target portion C (e.g.
comprising one or more dies) of the substrate W2.

As here depicted, the apparatus 1s of a transmissive type
(c.g. employing a transmissive mask). Alternatively, the
apparatus may be of a retlective type (e.g. employing a
programmable mirror array of a type as referred to above).

The 1lluminator IL receives a beam of radiation from a
radiation source SO. The source and the lithographic appa-
ratus may be separate entities, for example when the source
1S an excimer laser. In such cases, the source 1s not consid-
ered to form part of the lithographic apparatus and the
radiation beam 1s passed from the source SO to the 1llumi-
nator IL with the aid of a beam delivery system BD
comprising for example suitable directing mirrors and/or a
beam expander. The source SO and the illuminator IL,
together with the beam delivery system BD 1t required, may
be referred to as a radiation system.

The illuminator IL. may comprise adjusting means AM for
adjusting the angular intensity distribution of the beam.
Generally, at least the outer and/or imner radial extent
(commonly referred to as -outer and -inner, respectively) of
the intensity distribution 1n a pupil plane of the i1lluminator
can be adjusted. In addition, the illuminator IL generally
comprises various other components, such as an integrator
IN and a condenser CO. The 1lluminator provides a condi-
tioned beam of radiation PB, having a desired uniformity
and intensity distribution in its cross section.

The radiation beam PB i1s incident on the patterming
device (e.g. mask) MA, which 1s held on the support
structure MT. Having traversed the patterning device MA,
the beam PB passes through the lens PL, which focuses the
beam onto a target portion C of the substrate W2. With the
aid of the second positioming device PW2 and position
sensor IF (e.g. an interferometric device), the substrate table
WT2 can be moved accurately, e.g. so as to position different
target portions C 1n the path of the beam PB. Similarly, the
first positioning device PM and another position sensor
(which 1s not explicitly depicted in FIG. 1) can be used to
accurately position the patterning device MA with respect to
the path of the beam PB, e.g. after mechanical retrieval from
a mask library, or during a scan. In general, movement of the
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long-stroke module (coarse positioning) and a short-stroke
module (fine positioning), which form part of the position-
ing device PM and PW. However, 1n the case of a stepper (as
opposed to a scanner) the support structure MT may be
connected to a short stroke actuator only, or may be fixed.

The lithographic apparatus may for example move the
patterning device MA and the substrate W2 with a scanning
motion when projecting the pattern from the patterming
device onto a target portion C. Cartesian coordinates are
indicated in FIG. 1. As 1s conventional, the z-direction
corresponds with an optical axis of the radiation beam PB.
In an embodiment in which the lithographic apparatus 1s a
scanning lithographic apparatus, the y-direction corresponds
with the direction of scanning motion.

As depicted, the lithographic apparatus may be of a type
having two (dual stage) or more substrate tables W11, WT2.
In a dual stage lithographic apparatus two substrate tables
WT1, WT2 are provided 1n order to allow properties of one
substrate W1 to be measured whilst exposure of another
substrate W2 1s taking place (“exposure of a substrate”
means projection of patterned radiation onto the substrate as
described above).

In the dual stage lithographic apparatus depicted in FIG.
1 an alignment system AS 1s provided on the left-hand side
of the figure and the projection system PL 1s provided on the
right-hand side of the figure. The alignment system AS
measures the positions of alignment marks provided on a
substrate W1 (schematically depicted by boxes P1, P2)
which 1s held on a first substrate table WT1. A pattern 1s
simultaneously projected by the projection system PL onto
a substrate W2 held on a second substrate table W12. When
measurement of the substrate W1 supported by the first
substrate table WT1 1s completed and exposure of the
substrate W2 supported by the second substrate table W2
1s completed, the positions of the substrate tables are
swapped over. The substrate W1 supported by the first
substrate table WT1 1s then exposed using patterned radia-
tion projected by the projection system PL. The already
exposed water W2 supported by the second substrate table
WT2 1s removed from the substrate table for subsequent
processing. Another substrate 1s then placed on the second
substrate table WT2 for measurement by the alignment
system AS prior to exposure using patterned radiation pro-
jected by the projection system PL.

Other measurement systems may be provided In addition
to the alignment system AS used to measure the position of
alignment marks on the substrates W1, W2. For example, a
system which measures the topology of the surface of the
substrate may be provided (this may be referred to as a level
sensor). Such systems are not illustrated or described herein
because they do not form part of the present mnvention.

An terferometer (not depicted) and/or other position
measurement means may be used to monitor the position of
the substrate table W11 during alignment measurements. A
processor PR may receive data from the alignment system
AS and also receive substrate table W11 position informa-
tion. Since the substrate W 1s fixed on the substrate table
WT1, position information relating to the substrate table
may be taken as being position mformation relating to the
substrate.

The alignment system AS comprises a radiation source 2
configured to provide a beam of radiation 4 which will be
used to illuminate an alignment mark P1, P2. The radiation
source 2 1s hereinafter referred to as alignment radiation
beam source 2. The alignment radiation beam 4 passes from
the alignment radiation beam source 2 to optics which direct
the alignment radiation beam onto the substrate W1. The
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optics may comprise a beam splitter 6 (e.g. a polarising
beam splitter) and may comprise other additional compo-
nents which are not depicted in FIG. 1. The alignment
radiation beam 4 illuminates an alignment mark P1, P2 on
the substrate W1, 1s reflected and passes through the beam
splitter 6 to a self-referencing optical system 8.

The self-referencing optical system 8 comprises a polar-
1zing beam splitter 10, a first corner cube reflector 12 and a
second corner cube reflector 14. The alignment radiation 4
Is not polarized (or i1s circularly polarised) when it 1is
received at the self-referencing optical system, and thus the
polarizing beam splitter 10 transmits half of the alignment
radiation beam and reflects the other half of the alignment
radiation beam. The portion of the alignment radiation beam
4 which 1s transmitted by the polarising beam splitter 10 1s
reflected by the first corner cube reflector 12 and passes back
to the polarising beam splitter. The reflection by the first
corner cube reflector 12 causes a rotation by 90° of the
polarization of the alignment beam. Since the polarization of
the radiation has been rotated by 90°, it 1s retlected by the
polarizing beam splitter 10 towards an 1imaging detector 16.

The portion of the alignment radiation beam 4 which 1s
reflected by the polarizing beam splitter 10 passes to the
second corner cube reflector 14 and 1s reflected by the
second corner cube reflector. The reflection by the second
corner cube reflector 14 causes a rotation by 90° of the
polarization of the alignment radiation beam. Since the
polarization of the reflected beam has been rotated by 90°,
it passes through the polarizing beam splitter 10 and 1s
incident upon the imaging detector 16.

Thus, the imaging detector 16 receives two 1mages of the
alignment mark P1, P2 that was i1lluminated by the align-
ment radiation beam 4. The eflect of the seli-referencing
optical system 8 1s such that one of the images has been
rotated by 90° 1n a clockwise direction and the other image
has been rotated by 90° 1 an anticlockwise direction. The
images received at the mmaging detector 16 are therefore
rotated by around 180 degrees with respect to one another.
The phrase “around 180 degrees”™ 1s intended to indicate that
the two 1mages may not be exactly rotated by 180 degrees
with respect to each other but the alignment system may still
be able to determine the position of the alignment mark
accurately. In general, any angle of rotation of the images
with respect to each other that still allows an accurate
determination of the position of the alignment mark to be
made may be considered as being a rotation of around 180
degrees. If the alignment mark P1, P2 has rotational sym-
metry for a rotation of 180°, then when the alignment mark
1s aligned with the alignment system AS, a single image of
the alignment mark will be seen at the imaging detector 16.
Moving the alignment mark P1, P2 away from alignment
with the alignment system AS will cause the alignment mark
images at the mmaging detector 16 to move in opposite
directions such that two partially overlapping images are
seen. In general, images seen at the imaging detector 16 are
indicative of the positions of alignment marks on the sub-
strate P1, P2 and can be used to measure the positions of
those alignment marks.

The components of the alignment system AS that con-
tribute to producing two 1mages of the alignment mark that
are rotated by around 180 degrees with respect to one
another may be referred to as a first system. For example, the
first system may comprise the components within dashed
line 70 1n FI1G. 2, the alignment radiation beam sources 2a-d,
optical fibres 3a-d, the fibre coupler and the single optical
fibre 3. The first system may comprise other components.
The self-referencing optical system 8 may be considered to
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have two arms. The first arm comprises the first corner cube
reflector 12 and the path travelled to and from the first corner
cube reflector from a beam splitting face of the polarising
beam splitter. The second arm comprises the second corner
cube reflector 14 and the path travelled to and from the
second corner cube reflector from a beam splitting face of
the polarising beam splitter. The components of the align-
ment system AS that are used to determine the position of
the alignment mark from a spatial distribution of an intensity
of the two 1mages may be referred to as a second system.
That 1s, the second system may comprise the i1maging
detector 16 and the processor PR schematically depicted 1n
FIG. 2. The second system may comprise other components.

The manner 1n which the alignment system AS operates
may be further understood with reference to FIG. 2, which
depicts the alignment system 1n more detail. In the illustrated
embodiment the alignment radiation beam source 2 com-
prises a plurality of LEDs 2a-d (although other forms of
radiation source may be used). Each LED 2a-d 1s capable of
emitting radiation at a power which 1s suthiciently high to
illuminate an alignment mark P1 and generate an alignment
mark 1mage at the imaging detector 16. Such LEDs, which
may be referred to as high power LEDs, are widely avail-
able. Each LED 2a-d may be configured emit radiation at a
different wavelength and may be modulated for reasons
which are explained further below. The radiation emitted by
the LEDs 2a-d 1s non-actinic. That 1s, 1t does not cause
exposure ol resist provided on a substrate W. The radiation
may for example be visible or infrared radiation, e.g. in the
range 530-850 nm.

Each of the LEDs 2a-d 1s coupled to an optical fibre 3a-d
which receives alignment radiation emitted by the LEDs.
The optical fibres 3a-d are coupled by a fibre coupler into a
single optical fibre 3 which transports alignment radiation to
optics 7 which are used to direct the alignment radiation onto
a substrate W. The LEDs 2a-d may be 1n a location which 1s
remote from the beam splitter 6. For example, the LEDs
2a-d may be provided outside of an environment in which
substrates W1, W2 are measured and exposed (see FIG. 1),
with the optical fibre 3 passing through a wall and 1nto that
environment. This may be advantageous because the envi-
ronment 1n which substrates are measured and exposed may
be a controlled environment 1n order to minimise contami-
nation, and providing the LEDs 2a-d outside of this envi-
ronment may reduce the risk of contamination arising. This
may particularly advantageous 1n an EUV lithographic appa-
ratus which may be held at a vacuum because 1t avoids
outgassing and other potential contamination 1ssues. In
addition 1t allows the LEDs to be cooled 1n a non-vacuum
environment (this may be easier than cooling in a vacuum
environment).

The optical fibre 3 1s configured in this embodiment to
provide the alignment radiation as a beam which comprises
four poles 4a-d. That 1s, the optical fibre 3 splits into four
fibres by a fibre coupler, two of which 3e, f are depicted.
Each fibre 3e, f provides alignment radiation to a pole.
Radiation leaving the fibres 3e, 3/ 1s schematically depicted
by arrows. The four poles may be considered to form a
quadrupole mode. In other embodiments, the alignment
radiation beam 4 may be provided in any other suitable
form, including for example a simple disc-shaped mode or
an annular mode. The use of a quadrupole mode 1s advan-
tageous because it 1s particularly good at resolving gratings
with small pitches.

The alignment radiation beam 4 passes through a lens 20.
The lens 20 acts as a relay that images the radiation output
from the fibres 3¢, f 1nto a pupil of a lens 21 which directs
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radiation onto the substrate W. In an embodiment, the lens
20 may be omitted and the radiation output from the fibres
may be output directly mto the pupil of the lens 21.

The polarising beam splitter 6 1s used to direct the
alignment radiation beam towards the substrate W. The
radiation output from the fibres 3e, f1n this embodiment 1s
linearly polarised and has a polarisation that 1s reflected by
the polarising beam splitter 6. A lens 21 located after the
polarising beam splitter 6 focuses the alignment radiation
beam to form a beam spot 5 on the substrate. The lens 21
may be a single optical element or may be a collection of
optical elements (e.g. a microscope objective). The beam
spot S 1s depicted as viewed from above on the left hand side
of FIG. 2. As shown, the beam spot 1s larger than an
alignment mark P1 upon which 1t 1s incident. This 1s referred
to as overfilling the alignment mark. Overfilling the align-
ment mark 1s advantageous because it allows selection of a
region of interest, 1.e. the alignment mark within the area
illuminated by the beam spot 5. This selection may be
performed by the processor PR when analysing an image
formed on the imaging detector 16.

Alignment radiation which 1s reflected from the alignment
mark P1 passes back through the lens 21 and through the
polarising beam splitter 6. A quarter wave plate 50 1s
positioned between the polarising beam splitter 6 and the
substrate W and acts to rotate the polarisation of the align-
ment radiation. As a result of the action of the quarter wave
plate 50, the polarisation of the reflected alignment radiation
1s rotated by 90 degrees relative to the radiation initially
incident upon the polarising beam splitter 6, and the radia-
tion 1s therefore transmitted by the polarising beam splitter.

The alignment mark P1 comprises two gratings 22a,b,
which extend in the X-direction and two gratings 22c¢,d
which extend i the Y-direction. The gratings may for
example be etched 1nto the substrate W. The gratings which
extend 1n the X-direction 22a,b have the same pitch as each
other, and the gratings which extend 1n the Y-direction have
the same pitch as each other. Each grating 22a-d 1s provided
in a different quadrant relative to a central point 24, with the
X-direction gratings being provided on opposite sides of the
central point and the Y-direction gratings being provided on
opposite sides of the central point. The alignment mark P1
1s symmetrical for a rotation of 180° about a central point 24.
That 1s, 1f the alignment mark P1 were to be rotated by 180°
about the central point 24 then 1t would have exactly the
same appearance. The rotational symmetry of the alignment
mark P1 allows the position of the alignment mark P1 to be
determined using the depicted seli-referencing optical sys-
tem 8.

The propagation of rays of the alignment radiation beam
4 1s now described with reference to FIG. 2. A first ray may
be thought of as corresponding with the first pole 4a of the
alignment radiation beam 4, and a second ray may be
thought of as corresponding with the second pole 456 of the
alignment radiation beam 4b. In order to avoid overcompli-
cating FIG. 2, propagation of only a subset of rays in the
self-referencing optical system 8 1s depicted, with rays in the
first arm 12 being indicated by dashed lines and rays 1n the
second arm 14 being indicated by solid lines.

The 1st ray 4a 1s focused onto the substrate W by the lens
21 to form the alignment beam spot 5 which 1lluminates the
alignment mark P1. The X-direction gratings 22a,b of the
alignment mark P1 generate diflraction orders. These are a
zero diffraction order and a 1st diffraction order, both of
which are depicted by lines 1n FIG. 2. Other diffraction
orders will also be generated and may be captured by
subsequent components of the alignment system AS. How-
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ever, for simplicity these are not described or illustrated
here. The zero and 1st order difiracted radiation propagates
through subsequent components of the alignment system AS
and 1s used to form an 1mage on the imaging detector 16. If
only zero order radiation was incident upon the imaging
detector 16 then this would not allow an 1mage of the
gratings to be formed because the zero order radiation does
not contain any structural information. If only the 1st order
radiation was incident upon the imaging detector then an
image would not be formed, because although this 1st order
radiation has amplitude and phase generated by the gratings
22a,b 1t cannot create an 1mage by itself. Mixing the zero
order and 1st order radiation together provides an intensity
profile which can be detected by the 1maging detector 16. In
other words, the mixture of the zero and 1st order diflracted
radiation allows an 1image of the gratings 22a,5 to be formed
at the 1maging detector.

The second ray 4b also forms the alignment beam spot 5
which illuminates the alignment mark P1. The alignment
radiation 1s diffracted by the X-direction gratings 22a,b and
forms a zero order and a —1st order, which are depicted by
lines 1n FI1G. 2 Other diffraction orders are generated but, as
mentioned above, for simplicity are not described or illus-
trated. The zero and 1st diffraction orders propagate through
subsequent components of the alignment and system and
form an 1mage on the imaging detector 16.

Although not depicted, the third and fourth poles 4¢,d of
the alignment radiation beam 4 are diflracted by the Y-di-
rection gratings 22c¢,d and form 1mages of those gratings on
the 1maging detector 16.

The self-referencing optical system 8, as described above
in connection with FIG. 1, comprises a polarising beam
splitter cube 10 and two corner cube reflectors 12, 14. A
quarter-wave plate 51 1s located before the polarising beam
splitter cube 10 and converts the incident linearly polarised
alignment radiation beam to a circularly polarised beam. The
polarising beam splitter cube 10 then transmits half of the
incident alignment radiation beam into the first arm 12 of the
self-referencing optical system 8 and reflects the other half
of the mncident alignment radiation beam into the second arm
14 of the self-referencing optical system.

A lens 26 focuses the alignment radiation beam 4 which
leaves the self-referencing optical system 8 onto the imaging
detector 16. The lens forms a first image of the alignment
mark P1 using radiation which passed through the first arm
12 of the seli-referencing optical system 8, and forms a
second 1mage of the alignment mark using radiation which
passed through the second arm 14 of the seli-referencing
optical system. These first and second 1images together form
a compound 1mage at the imaging detector 16. The com-
pound 1mage may be considered as being a spatial distribu-
tion of an mtensity of the first and second 1images. Properties
of the compound 1mage are indicative of the position of the
alignment mark P1 relative to the alignment system AS.

The self-referencing optical system 8 may be considered
to be 1n a pupil space of an optical system formed by the lens
21 which focuses the alignment radiation beam 4 onto the
substrate W and the lens 26 which focuses the alignment
radiation beam onto the imaging detector 16. In other words,
the lenses 21, 26 may be considered to form an optical
system 1n which an object plane exists at the focal plane of
the first lens 21 and an 1image plane exists at the focal plane
of the second lens 26, the object plane corresponding with
the alignment mark P1 (the object) and the image plane
corresponding with the imaging detector 16 (where an 1mage
of the alignment mark 1s formed). A pupil plane (not
labelled) exists between the lenses 21, 26 at the focal plane
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of the first lens 21. The space between the lenses 21, 26 1n
such an optical system may be referred to as a pupil space.
No 1mage of the alignment mark P1 1s formed in the pupil
space. Instead, a Fourier transform of the alignment mark
exists 1n the pupil space. As schematically depicted in FIG. 5
2, 1n the pupil space rays of alignment radiation propagate
substantially parallel to each other. This 1s advantageous
because 1t allows propagation of rays along arms of the
self-referencing optical system 8 and avoids the rays falling
outside of an acceptance angle of the self-referencing optical 10
system (1.e. propagating at an angle relative to an optical axis
which 1s sufliciently large that the rays do not properly enter
the self-referencing optical system. It 1s not essential that
rays which enter the seli-referencing optical system and
propagating entirely parallel to one another. All that 1s 15
required 1s that they are sufliciently close to parallel that they
can enter and leave the self-referencing optical system such
that they can then form an 1image on the 1maging detector 16.
However, the closer to parallel that the rays are provided, the
greater the accuracy of the alignment system. 20

The eflect of the seli-referencing optical system 8 1s now
described. Considering the X-direction gratings 22a,b, 1f the
alignment mark P1 were to be moved 1n the X-direction then
the phase of the first diffraction order would change as a
result of that movement. The movement of the phase 1sina 25
single direction because the alignment mark P1 1s only
moving 1n that direction. However, as explained above in
connection with FIG. 1, the effect of the polarising beam
splitter 10 and corner cube reflectors 12, 14 1s to spilt
incident radiation into two parts with opposite polarisations 30
and then to rotate each part by 90° 1n opposite directions. As
a result, one part 1s rotated by 180° relative to the other part.
This means that the phase change which was 1nitially 1n one
direction 1s now 1n two directions, the directions being
opposite to each other. When the alignment radiation beam 35
1s focused by the lens 26 onto the imaging detector 16 this
1s manifest as two separate 1mages ol the X-direction
gratings 22a,b bemng formed, with the movement of the
alignment mark P1 causing one image to move across the
imaging detector 16 1n a first direction and the second 1mage 40
to move across the 1maging detector in the opposite direc-
tion. The seli-referencing optical system 8 does not cause
significant interference in the radiation which forms the two
images of the alignment mark P1 because the two 1images of
the alignment mark are formed from alignment radiation 45
beams having orthogonal polarisations. Instead, two over-
lapping 1mages of the alignment mark P1 are seen at the
imaging detector 16. These two 1mages may be considered
to form a compound 1mage. The compound image i1s the
incoherent sum of the two overlapping 1mages of the align- 50
ment mark P1 (a sum over intensity). The term “compound
image” 1s intended to merely mean an image which 1s
tormed by the sum of two overlapping images at the imaging
detector (without significant interference occurring between
the 1mages), and 1s not mtended to imply that that image 55
must have any particular form.

If the alignment beam spot 5 (and thus the alignment
system AS 1n general) 1s not aligned 1n the X-direction with
the alignment mark P1, then this misalignment will cause a
separation 1n the X-direction of the alignment mark 1mages 60
seen at the imaging detector 16. Scanning movement of the
substrate W 1n the X-direction will bring the alignment mark
P1 towards alignment with the alignment system AS, and
this will be manifest as the 1images of the alignment mark
moving towards each other on the imaging detector 16. 65
When the alignment system AS i1s fully aligned with the
alignment mark P1 then the alignment mark images at the
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imaging detector 16 will fully overlap with each other and
a single alignment mark image will be seen. Further move-
ment of the substrate W 1n the X-direction will cause the
alignment mark to move out of alignment with the alignment
system and this will be manifest by the images of the
alignment mark moving away from each other.

The processor PR receives an output image from the
imaging detector 16 for each position of the substrate W
relative to the alignment system. Each output image may be
considered to be a compound 1image formed from the first
image of the alignment mark and the second image of the
alignment mark P1. The compound 1mages are analysed by
the processor to determine a substrate position at which the
alignment mark P1 1s aligned with the alignment system AS.
This may for example correspond to a position in which the
first and second 1mages most fully overlap with each other.
In practice, full overlap of 1mages might not be seen, for
example because the alignment mark P1 includes some
asymmetry.

Measurement of the position of the alignment mark P1 1n
the y-direction 1s performed in the same manner using the
two gratings 22c¢,d which extend in the y-direction.

There are various different operational modes which may
be used to determine the position of the alignment mark P1.
In a first mode the position of the substrate W 1s adjusted
until the images of the alignment marks which have trav-
clled through each arm of the self-referencing optical system
8 fully overlap with each other (as determined using 1image
analysis performed by the processor PR). This 1s then
recorded as the position of the alignment mark P1. The
adjustment of the position of the substrate W may be
performed in both the x and y-directions such that the
position of the alignment mark P1 1s determined in both the
x and y-directions. The x-direction and y-direction position
measurements may be performed separately from each
other. Alternatively, they may be performed together. When
the x-direction and y-direction position measurements are
performed separately, a full overlap between the first and
second 1mages may be a full overlap 1n the direction which
1s being measured (e.g. full overlap 1n the y-direction 1s not
required when the x-direction 1s being measured). In this
mode the processor PR may analyse the images from the
imaging detector directly, 1.e. without them being first stored
In a memory.

In a second mode of operation the substrate W 1s moved
with a scanning motion relative to the alignment system AS
and the resulting image data from the imaging detector 16 1s
recorded 1 a memory. FIG. 3 depicts some results which
have been obtained using an alignment system according to
an embodiment of the mnvention. The upper half of each of
FIGS. 3a-c shows alignment mark images as seen by the
imaging detector 16. Below each image 1s a chart which
depicts the intensity of radiation seen at three pixel locations
on the imaging detector 16. These three pixel locations are
aligned 1n the x-direction (the direction 1n which the align-
ment measurement 1s being performed). They are depicted
by circles which can be most easily seen 1n FIG. 3¢. Peaks
and troughs of intensity seen at those pixel locations are
depicted 1n the plots. The figures depict the eflect of scan-
ning movement in the x-direction. The alignment mark
comprises two gratings which extend in the x-direction and
two gratings which extend in the y-direction. For simplicity,
illumination of the alignment mark i1s by a dipole mode
which comprises poles 4a,b (see FIG. 2) separated in the
x-direction, as a result of which the gratings which extend in
the y-direction are not resolved 1n the 1mages of the align-
ment mark.
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In FIG. 3a the scanning movement has moved the align-
ment mark P1 to a position where 1t 1s fully 1lluminated by
the alignment beam spot 5 but 1s well away from being
aligned with the centre of the alignment system. The 1images
of the alignment marks partially overlap. The pixels on the
imaging detector imitially saw a background level of align-
ment radiation, and then saw a first peak and then a first
trough as an outer line and then space of the alignment
grating 1mages overlapped at the pixels. FIG. 3b shows the
alignment mark images when they are fully aligned with
cach other (or close to being fully aligned with each other)
in the x-direction. At this point 1n the scanning movement of
the substrate the pixels have seen four peaks and associated
troughs and are at the centre of a fifth peak. FIG. 3¢ shows
the alignment mark 1mages as they move away from each
other. At this point the pixels have seen nine peaks of
alignment radiation and now see a substantially constant
intensity of radiation because no further overlap of gratings
of the alignment mark 1mages occurs.

The position of the substrate during each measurement
performed by the imaging detector 16 1s recorded. The
centre of the fifth peak seen by the imaging detector corre-
sponds with the point where the two grating images fully
overlap 1n the x-direction at the imaging detector 16 (the
fifth peak corresponds with the centre of a nine line grating).
The centre of the fifth peak may be determined by the
processor PR 1n any suitable way using image data received
from the detector 16 (e.g. via analysis of all of the 1images
received from the detector during the scanning movement of
the substrate W). The position of the substrate W which
corresponds with the centre of the fifth peak 1s taken as being
the position of the alignment mark P1 1n the x-direction. The
same operation may be repeated 1n the y-direction.

As has been explained above, image data corresponding
with 1images received at the imaging detector 16 1s processed
together with position information indicative of the position
of the substrate (recorded as the position of the substrate
table WT) when those images are detected. Analysis of the
detected 1mages allows the substrate position which corre-
sponds with full overlap of the alignment mark 1images in the
x and y directions to be determined (e.g. by finding the
centre pomnt of a muddle peak as described above). A
plurality of alignment marks P1, P2 are provided across the
surface of a substrate W. The positions of each of these
alignment marks (or at least some of the alignment marks)
are determined. The positions of the alignment marks P1, P2
are recorded by the lithographic apparatus and are then used
during subsequent exposure of the substrate by the litho-
graphic apparatus. During exposure of the substrate 1t 1s the
relative positions of the alignment marks P1, P2 (1.e. their
positions relative each other) which are important for accu-
racy of exposure. The absolute positions of the alignment
marks P1, P2 1n a umiversal frame of reference thus do not
need to be determined.

As has been explained above, 1n some modes of operation
the imaging detector captures images of the alignment marks
during scanming movement of the substrate table WT. In
order to allow a relatively fast scanning movement, the
imaging detector 16 may be capable of capturing images
relatively quickly. A scan speed used during alignment
measurements may, for example, be of the order of 10 mm/s.
The frame rate of the imaging detector 16 may for example
be 1n the kHz range. The frame rate of the imaging detector
16 may, for example, be 10 kHz or more and may, for
example, be 100 kHz or more. An 1imaging detector 16 with
a frame rate of the order of MHz may be used.
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Referring to FIG. 3, in order to determine the position of
a peak which has a generally sine-wave form, 1t may be
desirable to sample four or more points over one sine-wave
period. The frame rate of the imaging detector 16 may be
selected accordingly to allow four or more points on a peak
to be sampled for a given substrate scan speed. To some
extent there may be a trade-ofl between the number of pixels
in the imaging detector 16 and the frame rate of that imaging
detector. An 1imaging detector with millions of pixels 1s not
required. Instead, as will be appreciated from FIG. 3, a
relatively small number of pixels may be suilicient. For
example, an 1imaging detector having at least 100x100 pixels
will be suflicient. The components used to determine the
position of the alignment mark from a spatial distribution of
an 1ntensity of the two 1mages may be referred to as a second
system. That 1s, the second system may comprise the imag-
ing detector 16 and the processor PR. The second system
may comprise other components.

The imaging detector 16 may for example be a CMOS
sensor, a CCD array, or any other suitable form of imaging
detector. In general, the 1imaging detector 16 may be any
apparatus which 1s capable of detecting an 1image (e.g. an
array of sensing elements). The imaging detector 16 may be
at or adjacent to an 1image plane of the alignment system AS.
The 1imaging detector 16 may be at or adjacent to a focal
plane of the lens 26 which forms 1mages of the alignment
mark.

In the above description, two poles 4a, 45 of a quadrupole
mode of alignment radiation are used when measuring the
position of the alignment mark P1 in the x-direction. It 1s
possible to measure the position of the alignment mark P1
using only one pole, but this 1s not preferred for the reason
now explained. Illumination with one pole means that align-
ment radiation 1s incident upon the alignment mark P1 from
generally one direction. For example, referring to FIG. 2, the
pole 4a corresponds with the alignment radiation beam
being incident upon the alignment mark from the right-hand
side of the figure. If the substrate W 1s not 1n the correct
plane but instead has been displaced downwards from its
expected position, then this will cause an apparent move-
ment 1n the —x-direction of the alignment mark P1 as seen
at the 1imaging detector 16. In an example depicted 1n FIG.
2, a z-direction displaced position of the substrate 1s 1ndi-
cated by a dashed line WZ. The alignment radiation beam
travels further before 1t 1s incident upon the substrate WZ as
1s depicted, and thus an apparent shift of the substrate 1n the
—x-direction has taken place. This will result 1n an error 1n
the measured position of the alignment mark P1.

[1lumination of the alignment mark using radiation 1nci-
dent from an opposite direction (1.e. the opposite pole 45 1n
this example) will cancel out the error. This 1s because the
radiation 1ncident from the opposite direction will result in
an apparent shift of the alignment mark in the opposite
direction, 1n this case the x-direction. These two apparent
shifts of the alignment mark cancel each other out and
instead of a shift of the alignment mark image at the imaging
detector 16 a loss of contrast at the imaging detector occurs.
Provided that the loss of contrast 1s not sufliciently great that
images of the alignment marks can no longer be resolved,
the position of the alignment mark can be measured as
described above without an error being caused by the
z-direction direction displacement of the substrate.

The position of an alignment mark P1 may be measured
in the manner described above using an alignment radiation
beam generated using a single radiation beam source (e.g. a
single LED). However, generating alignment radiation
beams using a plurality of alignment radiation beam sources
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(e.g. a plurality of LEDs) may provide advantages. For
example, four LEDs 2a-d, as depicted 1n FIG. 2, may each
emit radiation at a different wavelength. In an embodiment,
one of the LEDs may emit radiation at around 3540 nm,
another LED may emit radiation at around 850 nm, with the
two other LEDs emitting radiation at wavelengths between
those two wavelengths.

The 850 nm radiation 1s infrared radiation which will pass
through layers of material such as metal which have been
deposited onto the substrate, and be incident upon and
diffracted by an alignment mark P1, P2 which 1s present
below those layers. The infrared radiation thus allows the
imaging detector 16 to see an 1mage of the alignment mark
P1 despite the fact that the alignment mark 1s located
beneath a plurality of layers of matenal.

The radiation at 530 nm will not pass through a metal
layer, but 1mstead will be reflected by that metal layer. The
alignment mark will typically be 1n the form of a grating
ctched into the substrate. Material layers which have been
deposited on top of the alignment mark will tend to partially
{11l 1n the etched alignment mark but will not provide a fully
flat outer surface. In other words, some of the shape of the
alignment mark remains after material layers have been
deposited upon it. The 3530 nm radiation provides an image
at the 1imaging detector 16 of the outer layer of material and
thus provides an 1mage of the mark, as modified by the
layers of material, at the imaging detector 16. If the align-
ment mark 1mages seen at the imaging detector 16 using 530
nm radiation have strong peaks and troughs, then this may
be indicative that the alignment mark remains well defined
cven after the layers of material have been added. Con-
versely, 11 the contrast between peaks and troughs seen at the
imaging detector 1s low, then this may be indicative that the
alignment mark has been substantially smoothed out by the
addition of layers of matenal.

In general, the alignment mark 1mages seen at the imaging,
detector for diflerent wavelengths of incident radiation pro-
vide information about the alignment mark and how it has
been intluenced by layers of material deposited onto the
substrate. For example, information regardmg tilt of the
alignment mark may be obtained, as 1s explained further
below.

The different wavelengths of radiation may be emitted by
the radiation sources (e.g. J;Ds) at different times such that
cach image captured by the imaging detector 16 1s generated
by a particular wavelength of radiation. In an embodiment,
the radiation sources may be modulated. The radiation
sources may operate in sequence, and the processor may
take the sequence 1nto account when processing the 1images
captured by the imaging detector 16. This may be considered
to be multiplexing of the diflerent alignment radiation
wavelengths emitted by the radiation sources and subse-
quent de-multiplexing of the images captured by the 1mag-
ing detector 16. In an embodiment, the radiation sources
which emit different wavelengths may each be modulated at
a different frequency. This allows the detected 1images to be
de-multiplexed by using those frequencies. The frequencies
may, for example, be 1 the kHz range (e.g. between 1 kHz
and 1 MHz). The radiation sources (which may be LEDs)
may be modulated using known methods such as, for
example, modulating driver currents or using chopper
wheels.

It may be desirable to monitor for tilting of an alignment
mark P1, P2. Such tilting may occur, for example, when a
layer of metal has been deposited on the substrate W and
then polished. If the polishing 1s not fully parallel with the
top of ridges of the alignment mark P1, P2, then the ridges
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will be polished at an angle. In other words, the tops of the
ridges will now be tilted—i.e. will not lie 1n the x, v plane.
This form of asymmetry of the alignment mark P1, P2 may
introduce an error 1mnto the measured position of the align-
ment mark. This tilting (which may be considered to be a
form of asymmetry) will cause a shift of 1mages at the
imaging detector 16, and hence will cause a shift of the
measured position of the alignment mark P1.

One method of correcting for tilting of an alignment mark
1s to measure the tilt and then apply a correction to the
measured alignment mark position which takes that tilt into
account. Measuring the tilt may be thought of as recon-
structing the gratings of the alignment mark P1.

Referring to FIG. 2, instead of generating alignment
radiation beam poles 4a and 456 simultaneously using a
radiation source, one radiation source may be used to
generate the first pole 4a and a different radiation source
may be used to generate the second pole 45 at a diflerent
time. One way of achieving this 1s to provide a dedicated
optical fibre which carries alignment radiation from a source
to the first pole 4a, and a diflerent dedicated optical fibre
which carries alignment radiation from a source to the
second pole 4b. If the alignment mark P1 suffers from tilt
then the intensity of the image formed from the first pole 4a
(the image being formed from zero and —1% order radiation)
will be different from the intensity of the image formed from
the second pole 45 (the 1mage being formed from zero and
1°? order radiation). The difference between the intensities of
the alignment mark images seen at the imaging detector 16
will yield additional information regarding the tilt of the
alignment mark P1. The same approach may be used for the
third and fourth poles 4¢, 4d of alignment radiation.

In an embodiment, separate LEDs may be provided for
cach of the four poles which are used to illuminate the
alignment mark P1, P2. The LEDs may all operate at the
same wavelength. The LEDs may be modulated to operate
in sequence or, alternatively, may be modulated at different
frequencies. The modulation allows images resulting from
cach of the incident alignment beam poles 4a-d to be
separated from each other and analysed by the processor PR.

Additional information which can be used to construct
gratings of the alignment mark may be obtained by using
different wavelengths of alignment radiation (the use of
different wavelengths of alignment radiation 1s discussed
above). In an embodiment, a combination of the use of
individual radiation poles and the use of different wave-
lengths may be used. Modulation, for example at dil

erent
frequencies, may be used to distinguish between poles and
to distinguish between wavelengths. A plurality of poles
may share the same wavelength of radiation or may instead
comprise diflerent wavelengths of radiation.

The alignment radiation beam sources may be modulated.
FIG. 4 1s a schematic depiction of an alignment system
according to such an embodiment of the invention. In the
example of FIG. 4, four alignment radiation beam sources
2a-d are coupled to four optical fibres 3a-d respectively. The
alignment radiation beam sources 2a-d may, for example, be
light emitting diodes, super luminescent diodes, lasers or
any other suitable means of providing alignment radiation
beams for the alignment system. A larger or smaller number
of alignment radiation beam sources and optical fibres may
be used. The optical fibres 3a-d couple mto a single optical
fibre 3 wvia fibre coupler 90. Alignment radiation 1s trans-
ported by the optical fibre 3 to components 70 which
correspond with components depicted within dashed line 70
in FIG. 2. That 1s, alignment radiation 1s directed to different
poles, passes through optics 20 and beam splitter 6, and 1s
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incident upon a substrate W. The alignment radiation then
passes through seli-referencing optical system 8 and lens 26.
To avoid an unnecessarily complicated schematic in FIG. 4
the components within box 70 1n FIG. 2 are represented as
block 70 1n FIG. 4.

Four modulators 60a-d apply modulation to the alignment
radiation beam sources 2a-d. The modulators 60a-d may, for
example, modulate an amplitude of the alignment radiation
beams. The modulators 60a-d may alternatively modulate a
phase of the alignment radiation beams as described further
below with reference to FIG. 6. The modulators 60a-d may,
for example, provide modulating driver currents to each
alignment radiation beam source 2a-d. The modulators
60a-d may alternatively provide a modulating voltage to
cach alignment radiation beam source. The modulators
60a-d apply a diflerent modulation to each alignment radia-
tion beam source 2a-d. Information regarding the modula-
tion being applied by the modulators 60a-d 1s provided to a
phase sensitive signal detector 80. The phase sensitive signal
detector 80 may, for example, comprise a lock-in amplifier.
The modulation information provided to the phase sensitive
signal detector 80 may include, for example, a frequency
and phase of the modulation that 1s being provided to each
alignment radiation beam source.

Two 1mages of the alignment mark that are rotated by
around 180 degrees with respect to one another are formed
at the imaging detector 16. The imaging detector 16 detects
a spatial distribution of an intensity of the two 1images of the
alignment mark. This may be referred to as a compound
image. The imaging detector 16 provides an output signal
indicative of a spatial distribution of an 1ntensity of the two
images ol the alignment mark to the phase sensitive signal
detector 80. The imaging detector 16 may, for example, be
a photodiode, an array of photodiodes, a CCD device or any
other detector capable of detecting 1images. More than one
imaging detector 16 may be provided.

The phase sensitive signal detector 80 1s configured to
receive the output signal provided by the imaging detector
16, and use the modulation mformation provided by the
modulators 60a-d to discriminate between the plurality of
alignment mark 1images formed at the 1imaging detector 16.
That 1s, the phase sensitive signal detector 80 recerves input
signals from the imaging detector 16 and the modulators
60a-d and uses the modulation to discriminate between the
images of the alignment mark detected by the imaging
detector 16. The discrimination of alignment mark images 1s
based on the modulation of the alignment radiation beam
sources 60a-d. The images of the alignment mark are
discriminated according to the alignment radiation beam that
produced the alignment mark images.

Thus, for example, a modulator 60a applies a modulation
to an alignment radiation beam source 2a. Alignment radia-
tion beam source 2a emits a modulated alignment radiation
beam through an optical fibre 3a. The optical fibre 3a 1s
coupled with other optical fibres 35-d into a single optical
fibre 3 by a fibre coupler 90. The single optical fibre 3
provides an alignment radiation beam to the components
represented by dashed line 70 1n FIG. 2. The alignment
radiation beam exits the components represented by dashed
line 70 1in FIG. 2 and 1s 1incident on an alignment mark on a
substrate W. The alignment radiation beam then re-enters the
components represented by dashed line 70 i FIG. 2. The
alignment radiation beam exits the components represented
by dashed line 70 in FIG. 2 and 1s incident upon the imaging,
detector 16. The imaging detector 16 provides an output
signal 1indicative of a spatial distribution of an intensity of
the two 1mages of the alignment mark formed by alignment
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radiation beams emitted by each alignment radiation beam
source 2a-d to the phase sensitive signal detector 80. The
modulator 60a provides modulation information to phase
sensitive signal detector 80. The phase sensitive signal
detector 80 uses the modulation information provided by the
modulator 60a to discriminate the images of the alignment
mark formed by the alignment radiation beam emitted by the
alignment radiation beam source 2q from alignment mark
images formed by alignment radiation beams emitted by
other alignment radiation beam sources 2b-d. The phase
sensitive signal detector 80 provides an output signal indica-
tive of the discriminated alignment mark images to a pro-
cessor PR. The processor PR 1s configured to analyse the
discriminated alignment mark 1mages to determine the posi-
tion of the alignment mark relative to the alignment system.

The components of the alignment system that contribute
to producing two images of the alignment mark that are
rotated by around 180 degrees with respect to one another
may be referred to as a first system. For example, the first
system may comprise the alignment radiation beam sources
2a-d, optical fibres 3a-d, the fibre coupler 90, the optical
fibre 3 and the components represented by dashed line 70 1n
FIG. 2. The first system may comprise other components.
The components of the alignment system that are used to
determine the position of the alignment mark from a spatial
distribution of an intensity of the two images may be
referred to as a second system. That 1s, the second system
may comprise the modulators 60a-d, the imaging detector
16, the phase sensitive signal detector 80 and the processor
PR. The second system may comprise other components.

In an embodiment, modulation may be provided to the
alignment radiation beams aiter they have been emitted by
the alignment radiation beam sources. That 1s, external
modulators may be used to modulate the alignment radiation
beams istead of modulating the alignment radiation beam
sources. FIG. 5 1s a schematic depiction of an alignment
system according to such an embodiment of the invention.
An alignment radiation beam source 2 provides four align-
ment radiation beams to four external modulators 60a-d. In
the example of FIG. 5, one alignment radiation beam source
2 1s coupled to four external modulators 60a-d, which 1n turn
are coupled to four optical fibres 3a-d respectively. The
alignment radiation beam source 2 may, for example, be a
light emitting diode, a super luminescent diode, a laser or
any other suitable means of providing alignment radiation
beams for the alignment system. A larger or smaller number
of alignment radiation beam sources, external modulators
and optical fibres may be used.

The alignment radiation beam source 2 may be capable of
providing radiation across a range of wavelengths, e.g.
within the range 400-1000 nm. Other wavelengths may be
used. The alignment radiation beam source 2 1s configured
to provide alignment radiation beams, each having a differ-
ent wavelength, to external modulators 60a-d. The use of
external modulators 60a-d enables a single alignment radia-
tion beam source 2 to be used rather than multiple alignment
radiation beam sources because the alignment radiation
beams are modulated after being emitted rather than whilst
being generated.

The external modulators 60a-d are configured to apply
modulation to the alignment radiation beams. The external
modulators 60a-d modulate each alignment radiation beam
with a different frequency and phase. For example, the
modulator 60a provides a modulation having a first fre-
quency and a first phase to the alignment radiation beam
carried by optical fibre 3a. Another modulator 605 provides
a modulation having a second frequency and a second phase
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to the alignment radiation beam carried by optical fibre 35.
The external modulators 60a-d may comprise optical chop-
pers such as, for example, chopper wheels. The external
modulators 60a-d may comprise electro-optic or acousto-
optic modulators. Modulation information from the external
modulators 60a-d 1s provided to the phase sensitive signal
detector 80.

Once modulated, the alignment radiation beams pass
through optical fibres 3a-d. Optical fibres 3a-d are coupled
into a single optical fibre via fibre coupler 90. The single
optical fibre 1s then split into two optical fibres 3e, /. The first
optical fibre 3e transports alignment radiation towards com-
ponents represented by block 70 (i1.e. components depicted
in FIG. 2 within dashed line 70). The alignment radiation
beam exiting the components represented by block 70 1s
incident on the imaging detector 16. The second optical fibre
3/ transports alignment radiation directly to the imaging
detector 16.

In the example of FIG. 5, the imaging detector 16 1s a
balanced photodetector. The balanced photodetector may,
for example, comprise a photodiode, an array ol photo-
diodes, a CCD device, a CMOS device or any other detector
capable of detecting images. The balanced photodetector
may receive two beams of alignment radiation as two
different inputs. For example, the balanced photodetector
may comprise two independent radiation-sensitive detector
areas that are configured to receive first and second inputs
independently of each other. The balanced photodetector 1s
configured to receive a beam of alignment radiation from an
optical fibre 3f as a first mput, and receive images of the
alignment mark from the components represented by block
70 as a second mput. For example, a single pixel may
receive the beam of alignment radiation from the optical
fibre 3/ whereas an independent array of pixels may receive
the 1mages of the alignment mark. The balanced photode-
tector 1s configured to provide an output signal to the phase
sensitive signal detector 80 that 1s indicative of a difference
between the two mputs. For example, noise originating from
the alignment radiation beam source 2 and/or the external
modulators 60a-d that 1s present in both mputs provided to
the balanced photodetector may be reduced by the balanced
photodetector. The balanced photodetector may provide an
output signal having an improved signal-to-noise ratio to the
phase sensitive signal detector 80. A balanced photodetector
may also be used 1n conjunction with other embodiments of
the present ivention.

The phase sensitive signal detector 80 receives an output
signal from the imaging detector 16 and receives output
signals from the modulators 60a-d. The phase sensitive
signal detector 80 discriminates between alignment mark
images detected by the imaging detector 16 and provides an
output signal indicative of the discriminated alignment mark
images to processor PR. The processor PR 1s configured to
analyse the discriminated alignment mark 1mages to deter-
mine the position of the alignment mark relative to the
alignment system. The processor PR receives an output
image from the imaging detector 16 for each position of the
substrate W relative to the alignment system. Fach output
image may be considered to be a spatial distribution of an
intensity of the first and second images of the alignment
mark P1. The spatial distribution of an intensity of the two
overlapping i1mages 1s analysed by the processor PR to
determine a substrate W position at which the alignment
mark P1 1s aligned with the alignment system AS. This may
for example correspond to a position in which the first and
second 1mages most fully overlap with each other.
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The components of the alignment system that contribute
to producing two immages of the alignment mark that are
rotated by around 180 degrees with respect to one another
may be referred to as a first system. For example, the first
system may comprise the alignment radiation beam source
2, optical fibres 3a-d, the fibre coupler 90, the optical fibre
3¢ and the components represented by dashed line 70 in FIG.
2. The first system may comprise other components. The
components of the alignment system that are used to deter-
mine the position of the alignment mark from a spatial
distribution of an intensity of the two images may be
referred to as a second system. That 1s, the second system
may comprise the modulators 60a-d, the optical fibre 3/, the
imaging detector 16, the phase sensitive signal detector 80
and the processor PR. The second system may comprise
other components.

In an embodiment, a phase of the alignment radiation
beams may be modulated. FIG. 6 1s a schematic depiction of
an alignment system according to such an embodiment of
the invention. Alignment radiation beam sources 2a-d pro-
vide alignment radiation beams to beam splitters 6a-d. A
single alignment radiation beam source capable of providing
radiation across a range of wavelengths, e.g. within the
range 400-1000 nm, may be provided instead of separate
radiation sources 2a-d. Other wavelengths may be used. The
alignment radiation beams are split between optical fibres
3a-d and reflectors 100a-d. The alignment radiation beams
passing through optical fibres 3a-d are coupled into a single
alignment radiation beam and are provided to the compo-
nents represented by the dashed lime 70 in FIG. 2. The
alignment radiation beams reflected from reflectors 100a-d
pass to phase modulators 110a-d. These alignment radiation
beams may be referred to as reference alignment radiation
beams 115a-d. The phase modulators 110a-d are configured
to modulate the phase of the reference alignment radiation
beams 115a-d. The phase modulators 110a-d may comprise
acousto-optic modulators. The phase modulators 110a-d
may comprise electro-optic modulators such as, for
example, Pockels cells.

The phase modulators 110a-d are driven by modulators
60a-d. The modulators 60a-d may provide a modulating
clectronic signal to phase modulators 110a-d that causes the
phase modulators to alter the phase of the reference align-
ment radiation beams 115a-d. Modulation information 1s
provided by the modulators 60a-d to a phase sensitive signal
detector 80. The phase sensitive signal detector 80 may, for
example, comprise a lock-in amplifier. Reference alignment
radiation beams 115aq-d that have been modulated by the
phase modulators 110a-d are incident upon reflectors 100e-/2
respectively. The reflectors 100e-/ direct the reference align-
ment radiation beams 115a-d towards a beam combiner 120.
The beam combiner 120 combines the alignment radiation
beams with the reference alignment radiation beams 115a-d
to form a combined beam 130. The combined beam 130 1s
incident on the imaging detector 16. The imaging detector
16 may, for example, be a photodiode, an array of photo-
diodes, a CCD device or any other detector capable of
detecting 1mages. More than one 1imaging detector 16 may
be provided.

Interference occurs at the imaging detector 16 between
reference alignment radiation beams 115a-d and alignment
radiation beams having the same wavelength. Significant
interference does not occur between alignment radiation
beams that form the two overlapping images of the align-
ment mark at the imaging detector 16. The reference align-
ment radiation beams 115aq-d and the alignment radiation
beams may be coherent with each other 1n order to interfere.
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The word “coherent” as used here 1s intended to indicate that
an alignment radiation beam and a reference alignment
radiation beam having the same wavelength and polarisation
are able to interfere with one another at the 1imaging detector
16. The word “coherent™ 1s not intended to indicate that the
alignment radiation beam sources have a long coherence
length.

Radiation sources having a long coherence length may be
unsuitable for use with the alignment system because inter-
terence eflects such as, for example, speckle may reduce the
accuracy ol measurements made using the alignment sys-
tem. For this reason, a non-coherent alignment radiation
beam source 1s preferred. However, 1t 1s to be understood
that the alignment system 1s not restricted for use with
non-coherent alignment radiation beam sources only, and
that alignment radiation beam sources having a long coher-
ence length, such as lasers, may be used. The optical path
length of the reference alignment radiation beams may be
equivalent to the optical path length of the alignment radia-
tion beams within a coherence length of the alignment
radiation beam sources 2a-d. That 1s, the diflerence between
the optical path length of the reference alignment radiation
beams and the alignment radiation beams may be less than
the coherence length of the alignment radiation beam
sources 2a-d. The optical paths of the reference alignment
radiation beams and the alignment radiation beam may, for
example, be thought of as the arms of a Mach-Zehnder
interferometer.

The alignment radiation beam sources 2a-d may, for
example, be light emitting diodes, super luminescent diodes,
lasers or any other suitable means of providing alignment
radiation beams for the alignment system. The alignment
radiation beam sources 2a-d may be considered as having a
short coherence length, e.g. LEDs having a coherence length
that 1s less than 100 um such as, for example 10 um.
However, 1n practice any radiation source has some coher-
ence. The optical path lengths of the reference alignment
radiation beams and the alignment radiation beam may be
designed to ensure that interference between the reference
alignment radiation beams and the alignment radiation beam
occurs at the imaging detector 16 despite the radiation
sources 2a-d having a coherence length that 1s considered as
being short, e.g. less than 100 um.

Interference between the reference alignment radiation
beam and the alignment radiation beam converts the phase
modulation to an amplitude modulation that 1s detected by
the 1maging detector 16 as a modulation of a spatial distri-
bution of an intensity of overlapping alignment mark
images. The spatial distribution of an intensity of two
overlapping alignment mark images detected by the imaging
detector 16 depends upon the interference between a refer-
ence alignment radiation beam and an alignment radiation
beam sharing the same wavelength. Interference between a
reference alignment radiation beam and an alignment radia-
tion beam sharing the same wavelength depends upon the
modulation of the phase of the reference alignment radiation
beam. The intensity of radiation having a particular wave-
length detected by the imaging detector 16 therefore
depends upon the modulation of the phase of a reference
alignment radiation beam having that particular wavelength.

The compound 1mage of the alignment mark detected by
the 1imaging detector 16 1s still formed via a non-interfering,
sum of two overlapping images. However, the intensity of
the two 1mages detected by the imaging detector 16 varies
according to the phase modulation of their respective refer-
ence alignment radiation beam. That 1s, interference only
occurs between an alignment radiation beam and a reference

10

15

20

25

30

35

40

45

50

55

60

65

24

alignment radiation beam having the same wavelength and
polarization. The reference alignment radiation beam does
not contain any information regarding the alignment mark.
It will be understood by a person skilled in the art that for
interference to occur between an alignment radiation beam
and a reference alignment radiation beam at the imaging
detector 16 the wavelengths, polarizations, coherence
lengths and optical path lengths of the radiation beams
should be considered when designing the alignment system.
For example, an alignment system having a first design may
comprise alignment radiation beam sources having a coher-
ence length of approximately 500 um, and the optical path
lengths of the alignment radiation beams and the reference
alignment radiation beams have a diflerence of less than 500
um. Another alignment system having a second design may
comprise alignment radiation beam sources having a coher-
ence length of approximately 10 um, and the optical path
lengths of the alignment radiation beams and the reference
alignment radiation beams have a diflerence of less than 10
L.

The imaging detector 16 provides an output signal to the
phase sensitive signal detector 80 that 1s indicative of a
spatial distribution of an intensity of the two 1mages of the
alignment mark that are formed on the imaging detector 16.
The phase sensitive signal detector 80 receives an output
signal from 1maging detector 16 and receives output signals
from modulators 60a-d. The phase sensitive signal detector
80 discriminates between alignment mark 1mages detected
by the 1imaging detector 16 and provides an output signal
indicative of the discriminated alignment mark images to
processor PR. The processor PR 1s configured to analyse the
discriminated alignment mark images to determine the posi-
tion of the alignment mark relative to the alignment system.
The processor PR recetves an output image from the imag-
ing detector 16 for each position of the substrate W relative
to the alignment system. Fach output image may be con-
sidered to be a spatial distribution of an intensity of the first
and second i1mages of the alignment mark P1. The spatial
distribution of an intensity of the two 1mages 1s analysed by
the processor PR to determine a substrate W position at
which the alignment mark P1 is aligned with the alignment
system AS. This may for example correspond to a position
in which the first and second 1images most tully overlap with
cach other.

The components of the alignment system that contribute
to producing two images of the alignment mark that are
rotated by around 180 degrees with respect to one another
may be referred to as a first system. For example, the first
system may comprise the alignment radiation beam sources
2a-d, optical fibres 3a-d, the fibre coupler 90, the optical
fibre 3 and the components represented by dashed line 70 1n
FIG. 2. The first system may comprise other components.
The components of the alignment system that are used to
determine the position of the alignment mark from a spatial
distribution of an intensity of the two images may be
referred to as a second system. That 1s, the second system
may comprise the reflectors 6a-d, the retlectors 100a-%, the
phase modulators 110aq-110d, the modulators 60a-d, the
beam combiner 120, the imaging detector 16, the phase
sensitive signal detector 80 and the processor PR. The
second system may comprise other components.

The number of alignment radiation beam sources pro-
vided to the alignment system may be greater or less than
four. The number of alignment radiation beams provided to
the alignment system may be greater or less than four. The
number of modulators provided to the alignment system
may be greater or less than four. The number of optical fibres
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provided to the alignment system may be greater or less than
the number of optical fibres shown 1n the example embodi-
ments depicted herein. The number of 1maging detectors
provided may be greater or less than the number of 1maging
detectors shown in the example embodiments depicted
herein. The 1imaging detector may be a balanced imaging
photodetector.

In an embodiment 1n which different wavelengths of
illumination are used and each pole 1s generated using a
different radiation beam source, the number of radiation
beam sources may be scaled accordingly. For example,
sixteen radiation beam sources (e¢.g. LEDs) may be used to
generate four different poles at four diflerent wavelengths. In
such an embodiment four radiation beam sources operating
at different wavelengths may be coupled to a single optical
fibre which delivers alignment radiation as one alignment
beam pole. For different radiation beam sources operating at
those wavelengths may be coupled to a single optical fibre
which delivers alignment radiation as another alignment
beam pole, etc. In general, any number of wavelengths may
be used.

Any suitable source of alignment radiation may be used,
such as for example LEDs as mentioned above. The align-
ment radiation beam source may be non-coherent 1n order to
avoild iterference eflects caused by unwanted retlections
occurring within the alignment system. Such interference
may cause significant speckle at the imaging detector 16 and
this may reduce the accuracy of measurements obtained
using the alignment system AS. The term “significant
speckle” as used here 1s intended to indicate an amount of
speckle that would negatively aflect the accuracy of the
alignment system. It would be understood by a person
skilled 1in the art that the range of alignment radiation beam
source coherence lengths that avoid significant speckle
occurring within an alignment system will depend on the
characteristics of the alignment system 1n question. The
seli-referencing optical system 8 separates polarisations and
generates two alignment mark images with substantially
orthogonal polarisation. This separation of polarisations
may be sufliciently complete to avoid interference between
alignment mark images even 1f the alignment radiation
includes some coherence. Thus, 1n some embodiments lasers
may be used as the alignment radiation beam sources.

In general, the alignment system may use any suitable
radiation source, provided that a non-interfering sum of
alignment mark 1mages 1s provided at the imaging detector
16. That 1s, alignment mark images add together at the
imaging detector 16 without significant interference
between 1mages occurring. The term “sigmificant interfer-
ence” may be mterpreted as meaning interference which has
a detrimental eflect upon the accuracy with which the
position of the alignment mark 1s determined by the align-
ment system.

In an embodiment, the 1maging detector may be located
outside of the environment in which the substrate W 1is
present. Where this 1s the case, an array of optical fibres may
be arranged to receirve the alignment radiation beam and
then transport that alignment radiation beam to the 1maging
detector. An advantage of this arrangement 1s that the
imaging detector 1s outside of the controlled environment
and 1s easily accessible. Furthermore, contamination due to
outgassing from the imaging detector 1s avoided. In addition,
removal of heat from the imaging detector 1s made more
straightforward.

In an embodiment, 1instead of moving the substrate 1n the
x-direction 1n order to determine the x-direction position of
the alignment mark P1 and then moving the substrate 1n the
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y-direction in order to determine the y-direction position, the
substrate may be moved diagonally (e.g. 1n the x=y direc-
tion). Where this 1s the case, the processor PR may analyse
images output from the imaging detector 16 to determine
both the x-direction position and the y-direction position of
the alignment mark P1.

Although described embodiments of the invention use an
alignment mark P1 which comprises gratings extending in
the x and vy directions, other forms of alignment mark may
be used. Because the self-referencing optical system 8 1s
seli-referencing, the alignment mark 1s referenced against
itsellf when determining the position of the alignment mark.
This means that the alignment mark 1s not constrained to be
a particular form. This 1s advantageous compared with some
prior art alignment systems in which an 1imaging detector 1s
provided with a mark fixed onto the imaging sensor itself
and the position of an alignment mark 1mage 1s compared
with the position of the fixed mark. For example, in a prior
art system two non-transmissive bars are provided on an
imaging detector and the position of an alignment mark
image with respect to those two bars 1s determined. This
relies upon the alignment mark having a form which allows
for a comparison of 1ts 1image position with the positions of
the bars. In contrast to this, embodiments of the invention
reference the alignment mark with itself and thus do not
require bars or other features to be provided on the 1imaging
detector. Any mark which 1s symmetric for rotation through
180° will, due to the action of the self-referencing optical
system, form a pair of 1mages which can be used to
determine the position of that mark. Because embodiments
of the invention use an 1maging detector 16, prior knowledge
of the type of the alignment mark 1s not required. The
processor PR can determine the type of the alignment mark
by analysing images recerved at the imaging detector 16, and
can determine the aligned position of the alignment mark by
looking at overlap between the recerved images (as
described further above). Embodiments of the invention thus
provide significant flexibility regarding the type of the
alignment mark.

Alignment marks used by embodiments of the invention
may be small, for example measuring around 10 microns by
10 microns or less. These small alignment marks may be
casily overfilled by an alignment radiation beam spot (as
described further above) thereby allowing straightforward
selection of a region of interest (1.e. 1images of the alignment
mark). Using small alignment marks 1s advantageous
because the alignment marks occupy less space on the
substrate and therefore allow more space to be used for
products such as integrated circuits.

Although 1llustrated embodiments of the invention use a
seli-referencing optical system which comprises a polarising
beam splitter and a pair of corner cube retlectors, any form
of self-referencing optical system may be used. For
example, a self-referencing optical system having a Mach-
Zehnder configuration but including 1mage rotation in one
arm may be used. The term “self-referencing optical system™
may be interpreted as meaning an optical system which
provides two 1mages of an object, the relative positions of
the 1mages depending upon the position of the optical
system with respect to the object. One of the images may be
rotated relative to the other image.

Using a polarising beam splitter 6 as depicted 1n FIG. 2 1s
just one example of illuminating an alignment mark and
directing reflected radiation towards a detector. In another
example a beam splitter which 1s around 50% retlective and
which does not rely upon radiation polarisation may be used.
In this example 75% of the alignment radiation will be lost
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via the combination of an initial reflection of 50% of the
alignment radiation and then transmission of 50% of the
reflected alignment radiation. Where an arrangement such as
this 1s used which does not discriminate between polarisa-
tions, modulation of polarisations may be used 1n a manner
which 1s analogous to modulation of wavelengths as
described above. This allows alignment mark images as
generated by different polarisations of alignment radiation to
be received and analysed by the processor PR.

One of more of the lenses 20, 21, 26 referred to 1n the
above description may comprise a plurality of optical ele-
ments. The optical elements may be refractive (as 1illus-
trated) or may be retlective.

In an embodiment, variation between intensities of dif-
ferent 1mages generated for example by diflerent wave-
lengths, may be corrected for by using an average of the
intensity of alignment radiation received across the imaging
detector 16 for each wavelength.

Embodiments of the invention may use methods and/or
apparatus which 1s described i U.S. Pat. No. 6,961,116,
which 1s herein incorporated by reference. Embodiments of
the 1nvention may use methods and/or apparatus which 1s
described 1n W0O2014/026819, which 1s herein incorporated
by reference. Embodiments of the imnvention may use meth-
ods and/or apparatus which 1s described 1 W0O2014/
068116, which 1s herein incorporated by reference.

In an embodiment, an alignment system according to the
invention may form part of a metrology apparatus. The
metrology apparatus may be used to measure alignment of
a projected pattern formed 1n resist on a substrate relative to
a pattern already present on the substrate. This measurement
of relative alignment may be referred to as overlay. The
metrology apparatus may for example be located immedi-
ately adjacent to a lithographic apparatus and may be used
to measure the overlay before the substrate (and the resist)
has been processed.

Although specific reference may be made 1n this text to
embodiments of the invention in the context of a litho-
graphic apparatus, embodiments of the mvention may be
used 1n other apparatus. Embodiments of the invention may
form part of a mask inspection apparatus, a metrology
apparatus, or any apparatus that measures or processes an
object such as a water (or other substrate) or mask (or other
patterning device). These apparatus may be generally

referred to as lithographic tools. Such a lithographic tool
may use vacuum conditions or ambient (non-vacuum) con-
ditions.

Although specific reference may be made in this text to
the use of lithographic apparatus in the manufacture of ICs,
it should be understood that the lithographic apparatus
described herein may have other applications. Possible other
applications include the manufacture of integrated optical
systems, guidance and detection patterns for magnetic
domain memories, flat-panel displays, liquid-crystal dis-
plays (LCDs), thin-film magnetic heads, etc.

Although specific reference may have been made above to
the use of embodiments of the invention in the context of
optical lithography, 1t will be appreciated that the invention
may be used in other applications, for example i1mprint
lithography, and where the context allows, 1s not limited to
optical lithography. In imprint lithography a topography 1n
a patterning device defines the pattern created on a substrate.
The topography of the patterning device may be pressed into
a layer of resist supplied to the substrate whereupon the
resist 1s cured by applying electromagnetic radiation, heat,
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pressure or a combination thereof. The patterning device 1s
moved out of the resist leaving a pattern 1n 1t after the resist
1s cured.

Embodiments of the invention may be implemented 1n
hardware, firmware, software, or any combination thereof.
Embodiments of the invention may also be implemented as
instructions stored on a machine-readable medium, which
may be read and executed by one or more processors. A
machine-readable medium may include any mechanism for
storing or transmitting information 1n a form readable by a
machine (e.g., a computing device). For example, a
machine-readable medium may include read only memory
(ROM); random access memory (RAM); magnetic disk
storage media; optical storage media; flash memory devices;
clectrical, optical, acoustical or other forms of propagated
signals (e.g. carrier waves, 1nirared signals, digital signals,
ctc.), and others. Further, firmware, software, routines,
instructions may be described herein as performing certain
actions. However, it should be appreciated that such descrip-
tions are merely for convenience and that such actions 1n fact
result from computing devices, processors, controllers, or
other devices executing the firmware, software, routines,
instructions, etc.

While specific embodiments of the invention have been
described above, 1t will be appreciated that the immvention
may be practiced otherwise than as described. The descrip-
tions above are intended to be illustrative, not limiting. Thus
it will be apparent to one skilled 1n the art that modifications
may be made to the invention as described without departing
from the scope of the claims set out below.

The mvention claimed 1s:

1. An alignment system for determining the position of an
alignment mark, the alignment system comprising:

a first system configured to produce two overlapping
images ol the alignment mark that are rotated by
around 180 degrees with respect to one another; and

a second system configured to determine the position of
the alignment mark from a compound 1mage compris-
ing a spatial distribution of an intensity of the two
overlapping 1mages, wherein the compound i1mage 1s
formed by an incoherent sum of the two overlapping
1mages,

wherein the first system comprises optics that are config-
ured to overtfill the alignment mark with an alignment
radiation beam.

2. The alignment system of claim 1, wherein the first
system comprises a non-coherent alignment radiation beam
source configured to 1lluminate the alignment mark with the
alignment radiation beam.

3. The alignment system of claim 1, wherein the second
system comprises an imaging detector configured to detect
the spatial distribution of the intensity of the two overlap-
ping 1mages of the alignment mark without scanning the
alignment mark and provide an output signal indicative of
the spatial distribution of the intensity of the two overlap-
ping 1images ol the alignment mark.

4. The alignment system of claim 1, wherein the second
system comprises a processor configured to determine the
position of the alignment mark by analyzing the spatial
distribution of the intensity of the two overlapping images
for a plurality of different positions of the alignment mark
relative to the alignment system.

5. The alignment system of claim 1, wherein the first
system comprises a plurality of alignment radiation beam
sources configured to provide alignment radiation beams
which 1lluminate the alignment mark and produce a plurality
of 1mages of the alignment mark.
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6. The alignment system of claim 5, wherein the plurality
of alignment radiation beam sources are configured to emuit
alignment radiation beams with different wavelengths.

7. The alignment system of claim 5, wherein the plurality
of alignment radiation beam sources are configured to
provide separate alignment radiation beams which have
different positions 1n a pupil plane.

8. The alignment system of claim 5, wherein the plurality
of alignment radiation beam sources are modulated.

9. The alignment system of claim 1, wherein the first
system comprises:

one or more alignment radiation beam sources configured

to 1lluminate the alignment mark with a plurality of
alignment radiation beams; and

a modulator configured to modulate an alignment radia-

tion beam.

10. The alignment system of claim 1, wherein the second
system comprises:

a phase sensitive signal detector configured to receive a

signal indicative of:

the modulation of a first alignment radiation beam:;

the modulation of a second alignment radiation beam:;

the spatial distribution of the intensity of the two
overlapping 1mages formed by the first alignment
radiation beam; and

the spatial distribution of the intensity of the two
overlapping 1mages formed by the second alignment
radiation beam,

wherein the phase sensitive detector 1s further configured

to discriminate between the two overlapping images
formed by the first alignment radiation beam and the
two overlapping 1mages formed by the second align-
ment radiation beam.

11. The alignment system of claim 1, wherein the first
system comprises a balanced photodetector.

12. The alignment system of claim 1, further comprising:

four alignment radiation beam sources each being con-

figured to provide the alignment radiation beam as one
pole of a quadrupole 1llumination mode.

13. A lithographic apparatus comprising:

at least two substrate tables configured to hold substrates;

a projection system configured to project a patterned

radiation beam onto a target portion of a substrate held
by one of the substrate tables; and
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an alignment system configured to determine a position of
an alignment mark on a substrate held by the other
substrate table, the alignment system comprising:

a first system configured to produce two overlapping
images of the alignment mark that are rotated by
around 180 degrees with respect to one another; and

a second system configured to determine the position of
the alignment mark from a compound 1mage com-
prising a spatial distribution of an intensity of the
two overlapping i1mages, wherein the compound
image 1s formed by an incoherent sum of the two
overlapping 1mages, wherein the first system com-
prises optics that are configured to overfill the align-
ment mark with an alignment radiation beam.

14. A method of determining a position of an alignment

mark comprising;:

producing two overlapping images of the alignment mark
that are rotated by around 180 degrees with respect to
one another, wherein the alignment mark 1s overfilled
with an alignment radiation beam;

forming a compound 1mage by an incoherent sum of the
two overlapping images, wherein the compound 1mage
comprises a spatial distribution of an intensity of the
two overlapping images; and

determining the position of the alignment mark from the
spatial distribution of the intensity of the two overlap-
ping 1mages.

15. A lithographic apparatus comprising:

a substrate table configured to hold a substrate; and

an alignment system configured to determine a position of
an alignment mark on the substrate held by the sub-
strate table, the alignment system comprising:

a first system configured to produce two overlapping
images ol the alignment mark that are rotated by
around 180 degrees with respect to one another; and

a second system configured to determine the position of
the alignment mark from a compound image com-
prising a spatial distribution of an intensity of the
two overlapping images, wherein the compound
image 1s formed by an incoherent sum of the two
overlapping 1mages, wherein the first system com-
prises optics that are configured to overfill the align-
ment mark with an alignment radiation beam.
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